Abstract This paper describes a desktop-mechatronic interface that has been conceived to support designers in the evaluation of aesthetic virtual shapes. This device allows a continuous and smooth free hand contact interaction on a real and developable plastic tape actuated by a servo-controlled mechanism. The objective in designing this device is to reproduce a virtual surface with a consistent physical rendering well adapted to designers' needs. The desktop-mechatronic interface consists in a servo-actuated plastic strip that has been devised and implemented using seven interpolation points. In fact, by using the MEC (Minimal Energy Curve) Spline approach, a developable real surface is rendered taking into account the CAD geometry of the virtual shapes. In this paper, we describe the working principles of the interface by using both absolute and relative approaches to control the position on each single control point on the MEC spline. Then, we describe the methodology that has been implemented, passing from the CAD geometry, linked to VisualNastran in order to maintain the parametric properties of the virtual shape. Then, we present the cosimulation between VisualNastran and MATLAB/Simulink used for achieving this goal and controlling the system and finally, we present the results of the subsequent testing session specifically carried out to evaluate the accuracy and the effectiveness of the mechatronic device.
Introduction
The mechatronic interface has been developed within the context of a research project, aiming at studying a system to render shapes of industrial products (i.e., cars, domestic appliances) through the use of haptic interfaces. The final objective of the research is to develop and experiment with novel interaction concepts and metaphors for product design that allow designers and stylists to handle digital shapes in a more intuitive and easy manners, while preserving their natural manual skills and not limiting their creativity. In order to create virtual shapes with aesthetic value, designers commonly use Computer Aided Design (CAD) tools. These tools allow them to draft either part or all of the product before building the actual physical model. This practice allows the designer to fine tune the product shape while it is still at the draft stage. In the CAD approach currently widely employed, there are important limitations regarding the interaction between the virtual model and the designer. Firstly, although designers often work on threedimensional (3-D) models, the systems they use are mostly limited to 2-D displays. Secondly, the designer is not able to evaluate and manipulate the object using a hands-on intuitive approach; the designer cannot touch and feel the object, but interaction is limited to a traditional computer keyboard and pointing devices. During the development of new concept products, designers need to physically interact with the evolving shapes of the product they are designing so as to check and evaluate aesthetic features of the product. The satisfaction of this need requires the production of physical prototypes. In this paper, we describe a mechatronic device consisting of a servo-controlled physical strip, which aims to represent a step forward in the field of digital surfaces exploration. Such a device allows a continuous, free hand contact on a developable plastic tape actuated by a servo-controlled mechanism. The mechatronic interface allows designers to evaluate the aesthetic quality of a product, thus providing a consistent physical rendering of its surface. In addition, the mechatronic interface allows the possibility on the one hand of evaluating early on in the design process components that do not already exist, and on the other hand, of feeling components through physical interaction. This practice can be effectively used for rapid design evaluation and review of new products. The major benefit would be the reduction of the time required for the production of physical prototypes, and therefore, the reduction of the total time to market, without affecting the quality of the final product.
Related Works
At the KAEMaRT group, we have been developing haptic devices to permit touch interactions between human users and virtual objects. All the previous mechatronic devices related to the haptic strip have been developed in the context of the Sound And Tangible Interfaces for Novel product project (SATIN project) [1] . The haptic interfaces, described in detail in our previous work, consist of a flexible strip that is held in space in front of the users using two HapticMaster systems [2] . This set-up allows for six degrees of freedom in the movement of the haptic strip. The strip consist of a series of nine equidistant relative actuators, which allow it to actively shape itself in order to match the curve of the virtual object along a geodesic curve. The haptic interface is inspired by the deformable tape that designers use for creating and modifying aesthetic shapes. The haptic strip is based on a modular architecture of elements that deform a plastic tape. Most of the research and development activities on haptics have concentrated on point-based force-feedback devices. Some of the most relevant force-feedback technologies are the following [3] : point-based devices like the PHANToM [4] , the MOOGHapticMaster [5] and the Haption-Virtuose [6] , and multipoint-based devices like the Haptex [7] system, and the T'nD system [8] . Some interesting research works are mainly based on vertical pins displacement for midscale virtual surfaces [9] , or more recently, on a miniature pin array tactile module [10] based on elastic and electromagnetic force for mobile devices, which provides enough working frequency, output force and amplitude to stimulate the human's mechanoreceptors. A small and lightweight tactile display described in [11] is integrated into a haptic glove system. In [12] , a tactile display using airborne ultrasound is presented: the prototype presented provides a weak force for users to feel constant pressure, just sufficient for vibratory sensation. In [13] , the authors present a haptic interface capable of simulating the forces experienced during abdominal palpation using pneumatic actuators. In [14] , a continuous tangible user interface for modelling free form 3-D objects is described, such as landscape models by scanning and illuminating a Clay or a SandScape; nevertheless the actual system does not provide force feedback. There are several studies which utilize the Immersion CyberGlove [15] whose main draw back is that it is quite invasive because the user needs to wear a glove covered by an armature. To overcome some drawbacks of conventional systems related to the use of point-based force-feedback, tactile and glove devices, we have designed a pleliminar version of the haptic strip [16] with the main objective of just integrating the various mechanical components in order to validate the concept at the basis of the strip, which is related to the cutting plane metaphor. The designer selects a cutting plane on the virtual object, and the haptic strip conforms to the curve computed by intersecting the cutting plane with the virtual object. Subsequently, a higher performing version of the haptic strip [17] , [18] has been designed, with the aim of extending the domain of curves that can be haptically rendered: the second strip is capable of rendering geodesic trajectories in addition to planar ones. The mechanical configuration of both releases of the strip achieves a minimum-bending radius of 180 mm, which directly limits the total curves that the haptic strip is able to represent. Obviously, the smaller the bending radius of the haptic strip, the higher the domain of virtual shapes that is possible to render. In both configurations of the haptic strip (planar and geodesic), the device is able to reproduce curves that lie on the virtual object. In [19] , we developed the concept of reproducing a real surface using the tessellation approach by using the TRIZ methodology [20] for reducing the volume and the weight of the device to meet more demanding industrial applications. The SATIN system set-up in its entirety is not portable, and owing to its relative expensive set of components, only one prototype has been built. The main idea in the design and construction of the mechatronic device described in this paper consists of upgrading the concept demonstrated in the SATIN system by using a desktop and portable mechatronic device.
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The basic con D interactio intersection o object there i Figure 1- between these methods will not be discussed here. It should be noted that the usage of the term 'rapid' may be a misrepresentation as the process can take hours to days of processing time [24] depending on the size and shape of the product. Although physical prototypes are a good means for product evaluation, they also add some limitations; for example, they do not allow variants of shape and material, and they do not support easy shape modification and immediate correlation with the corresponding digital model. In addition, the production of the physical prototype is costly and time consuming, especially with respect to the other product design phases. The mechatronic-interface offers an immediate physical feedback about the virtual shape allowing the possibility on the one hand of evaluating early on in the design process components that do not already exist, and on the other hand, of feeling components through physical interaction. This practice can be effectively used for rapid design evaluation and review of new products. The major benefit would be the reduction of the time required for the production of physical prototypes.
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Conclusion
In this paper we have presented a successful method to physically render a 2-D cross-section of a virtual object. The paper proposes a novel mechatronic device based on the Minimal Energy Curve (MEC) spline approach. The device allows a continuous and smooth free hand contact on a developable real plastic tape actuated by a servo-controlled mechanism. The objective in designing this device is to reproduce part of a cross-sectional contour or curve in 3-D space with a consistent physical rendering process well adapted to designers' needs allowing a continuous and smooth free hand contact interaction on a real and developable metallic strip. The desktop mechatronic system might indeed be useful for designers who are not certain about the end product and can use it for testing out ideas and concepts. We have performed some preliminary tests in order to prove the concept and understand the quality of the representation of an aesthetic surface offered by the desktop mechatronic device. The tests results are good both in the quality of the rendering of the surface and in the interaction modality offered.
Future work
Future research on the device and its application might be able to point to the role of different methodologies in rendering more complex curves such as, for example, the geodesic curve and the surface-developable techniques.
